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(57) ABSTRACT 

A method of forming a thin film on the surface of a substrate 
Such as Silicon, in which a gas cluster (which is a massive 
atomic or molecular group of a reactive Substance taking the 
gaseous form at room temperature under atmospheric 
pressure) is formed and then ionized, and the cluster ions are 
then irradiated onto a Substrate Surface under an acceleration 
Voltage to cause a reaction. 

It is possible to form a high quality ultra-thin film having a 
very Smooth interface, without causing any damage to the 
Substrate, even at room temperature. 

9 Claims, 7 Drawing Sheets 
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METHOD FOR FORMING THIN FILM WITH 
A GAS CLUSTER ON BEAM 

This is a continuation of Ser. No. 09/916,304, filed Jul. 
30, 2001, now abandoned, which is a continuation of Ser. 
No. 08/946,663, flied Oct. 7, 1997, now abandoned, which 
is a continuation of Ser. No. 08/757,088, filed Nov. 26, 1996, 
now abandoned, which is a continuation of Ser. No. 08/523, 
922, filed September 6, 1995, now abandoned. 

FIELD OF THE INVENTION 

The present invention relates to a method for forming a 
thin film on the Surface of a Substrate with a gas cluster ion 
beam. More particularly, the present invention relates to a 
method for forming a thin film by a gas cluster ion beam 
which is a group of reactive Substances gaseous at the room 
temperature and under atmospheric pressure. The method is 
useful for the manufacture of a Semiconductor or other 
electronic devices and for Surface reforming of a functional 
material. 

PRIOR ARTAND PROBLEMS 

A method for forming a thin film by irradiating mona 
tomic or monomolecular ions onto a Substrate Surface has 
conventionally been used in practice. This method utilizes a 
high input energy of Several keV because low-energy ion 
irradiation cannot give an adequate beam because of the 
Space charge effect between ions. 

In this conventional method, however, the use of ions 
having a large input energy makes it difficult to avoid 
damage to the Substrate Surface, and thus deterioration of 
Semiconductor devices has been a major problem. 
As a method for forming a thin film by causing reaction 

between a reactive Substance, which is gaseous at the room 
temperature, and a Semiconductor Substrate, a thermal reac 
tion method has been developed for forming an oxide or 
nitride film by heating the Substrate to a high temperature in 
an atmosphere of the reactive substance. The thin film 
formed by this method has excellent interface and insulation 
properties, and the method has been industrialized for form 
ing an insulating film or a capacitor insulating film for 
Silicon Semiconductor devices. 

This method requires a low temperature to reduce the 
diffusion of impurities, which is desirable for integrated 
circuit devices, and the chemical vapor deposition (CVD) 
method is adopted for this purpose. 

In this case, however, it is necessary to heat the Substrate 
surface to a temperature of at least 400 C., but this results 
in defects Such as a low density of the resultant film as 
compared with that produced by the thermal reaction 
method and the presence of many unsaturated bonds on the 
interface between the Substrate and the thin film. 

The plasma CVD method is known as a method for 
forming a thin film at a low temperature. This method 
however involves Such defects in that it introduces a large 
amount of mixed impurities in the Substrate, causes damage 
to the substrate surface by the ions, and results in difficulties 
controlling the film thickness of an ultra-thin film. 
Furthermore, it is not applicable to a transistor gate insulat 
ing film or a capacitor insulating film requiring high quality. 

In the conventional techniques, as described above, the 
quality of the resultant thin film deteriorates as the proceSS 
temperature becomes lower, and it is difficult to obtain an 
ultra-thin film useful for a hyperfine Semiconductor circuit 
device Such as ULSI. 
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2 
There has consequently been a Strong demand for a new 

method which permits formation of a high-quality thin film 
at a lower temperature, particularly at room temperature, 
without the need to heat the Substrate and without damaging 
the Substrate Surface, as a fundamental technology for use in 
advanced electronicS Such as ULSI. 
The present invention was developed in view of the 

circumstances as described above, and has an object to 
provide a method for forming a high-quality ultra-thin film 
having a Smooth interface with the Substrate free from a 
damage at the room temperature, which Solves the draw 
backs in the conventional methods for forming a thin film. 

SUMMARY OF THE INVENTION 

The present invention provides a method for forming a 
thin film on the Surface of Substrate with a gas cluster ion 
beam, which comprises the Step of irradiating the Surface of 
a Substrate with ions of a gas cluster (which is a massive 
group of atoms or molecules of a reactive Substance in 
gaseous form at room temperature and under atmospheric 
pressure) to cause a reaction with a Substance of the Sub 
Strate Surface, thereby forming a thin film on the Substrate 
Surface. 
More specifically, the invention comprises the Steps of 

using a reactive Substance Selected from the group consist 
ing of oxides, nitrides, carbides, mixtures thereof, and 
mixtures thereof with an inert gas and causing a reaction 
between a gas cluster ion beam of this Substance and a 
Substance of the SubStrate Surface, thereby forming a thin 
film on the Substrate Surface. 
The invention provides also a method for forming a thin 

film based on a gas cluster ion beam, which comprises the 
Steps of irradiating the Surface of the SubStrate with a gas 
cluster ion beam to form a thin film and at the same time to 
planarize the Surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 ShowS transmission type electron microscopic 
photomicrographs of a Section of a Silicon Substrate by 
irradiating CO2 monomers and CO2 cluster ions onto the 
Substrate Surface thereof; 

FIG. 2 shows an infrared absorption spectrum of a thin 
film formed by irradiating CO monomer ions and CO 
cluster ions onto a Silicon Substrate Surface; 

FIG. 3 shows a chart illustrating the relationship between 
the dose rate of CO ions to be irradiated and the concen 
tration of impurities in the Substrate Surface; 

FIG. 4 shows a diagram illustrating the generation of 
clusters of various gases by means of a nozzle having 
cooling means, 

FIG. 5 shows a graph illustrating the relationship between 
the Supply pressure and the cluster beam intensity at various 
nozzle intensities for oxygen gas, 

FIG. 6 shows a graph illustrating the relationship between 
the Supply pressure and the cluster beam intensity at various 
nozzle intensities for nitrogen gas, 
FIG.7 shows a graph illustrating the relationship between 

the Supply pressure and the cluster beam intensity at various 
nozzle intensities for argon gas for reference; and 

FIG. 8 shows an infrared absorption spectrum of an oxide 
film formed by irradiating oxygen (O2) gas cluster onto a 
Silicon Substrate Surface. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The method of the invention comprises generating a gas 
cluster (which is a massive group of atoms or molecules of 
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a reactive Substance which is a gas at room temperature 
under atmospheric pressure), irradiating electrons onto this 
gas cluster to ionize same, and irradiating the thus generated 
gas cluster ions onto a Substrate Surface by Selecting a beam 
of a particular size as required. 

Irradiation is accomplished by accelerating the gas cluster 
ions under an acceleration Voltage. Because a cluster usually 
consists of a group of Several hundred atoms or molecules, 
each atom or molecule is irradiated as an extra-low tem 
perature ion beam with UP to several tens of eV and even 
under an acceleration voltage of 10 kV. It is therefore 
possible to form a high-quality ultra-thin film with a very 
low degree of damage at room temperature. A thin film with 
the Slightest content of impurities can be produced as the 
impurities are removed from the Substrate Surface by the 
effect of the gas cluster ions. 

Another effective manner of irradiation is to appropriately 
Select the number of component molecules in response to the 
Substrate, the kind of Substance of the Substrate Surface and 
the desired thin film composition. 

The cluster itself can be generated by ejecting a preSSur 
ized gas through an expansion type nozzle into a vacuum 
unit, as already proposed by the present inventors. The thus 
generated cluster can be ionized by irradiating electrons. 

In the present invention, the gas cluster ions are irradiated 
onto a Substrate Surface to planarize the Surface and at the 
Same time, the irradiated ions are caused to react with the 
Substance of the Substrate Surface, thereby permitting for 
mation of a thin film on the Substrate Surface. 

The gaseous reactive Substances taking a gaseous form at 
room temperature under the atmospheric pressure include, 
for example, oxygen, oxides Such as CO, CO, NO, NO, 
and C.H.O., carbides, nitrides such as N2 and NH, Sulfides, 
halides, hydrides Such as ASH and SiH, organometallic 
compounds Such as metal carbonyls. 

In the present invention, for example, the reactive Sub 
stance is preferably oxygen or a carbon oxide, or a mixture 
thereof, or a mixture thereof with an inert gas Substance, and 
the thin film formed can be an oxide film. 

In the case of any of the gases including oxygen (O) and 
nitrogen (N), the present invention specifically proposes a 
method for generating gas cluster ions, which comprises the 
Step of generating a gas cluster by means of a nozzle cooled 
by a coolant, and ionizing the resultant cluster. 

The invention will be described in further detail by the 
following of examples. 

EXAMPLE 1. 

FIG. 1 is transmission type electron microscopic photo 
micrographs of a Silicon Substrate Section when (a) CO 
monomolecular ions were irradiated onto an Silicon Sub 
strate at a dose rate of 1x10' ions/cm, and (b) CO, cluster 
ions having a number of component molecules (cluster size) 
of at least 500 were irradiated. 

In FIG. 1 (a), CO monomolecular ions were irradiated 
under an acceleration voltage of 10 kV onto a silicon (001) 
Substrate. An amorphous Silicon layer of a thickness of 19 
nm was formed on the Substrate Surface, and irregularities 
occurred on the interface between the amorphous layer and 
the Substrate. The amorphous Silicon layer is a damaged 
layer formed when CO ions ejected onto the Substrate 
Surface hit atoms of the Substrate. These irregularities of the 
interface and the damaged layer, causing deterioration of 
Semiconductor device properties, must be converted to 
monocrystalline state. It is however very difficult to achieve 
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4 
complete conversion even through heat treatment at a tem 
perature of at least 800 C. 

In the case of FIG. 1(b), on the other hand, CO cluster 
ions having a number of component atoms (cluster size) of 
at least 500 were accelerated under conditions including a 
dose rate of 1x10' ions/cm and an acceleration voltage of 
10 kV, and then, only clusters of a number of component 
molecules of at least 500 were irradiated onto a silicon (001) 
Substrate at room temperature by the retarding-field method. 
Asilicon oxide film having a thickness of 10 nm was formed 
on the Substrate Surface, and no damaged layer was observed 
between the Silicon oxide film and the Silicon Substrate, and 
the interface in between was very Smooth. 
The above-mentioned findings are confirmed also from 

FIG. 2. FIG. 2 is an infrared absorption spectrum of a thin 
film formed by irradiating CO2 monomer ions and cluster 
ions under conditions including an acceleration Voltage of 
10 kV and a dose rate of 2x10" ions/cm’ onto a silicon 
substrate surface. While a silicon oxide film only of the order 
of spontaneous oxide film can be formed by irradiation with 
CO2 monomer ions, irradiation with cluster ion's permits 
formation of an oxide film of about 70 A. 

EXAMPLE 2 

FIG. 3 illustrates changes in the concentration of Ni 
impurities as measured with various dose rates of CO ions 
irradiated onto a silicon substrate, ranging from 0 to 2x10" 
ions/cm. In this case, CO. cluster ions having a number of 
component molecules of at least 250 and CO monomer ions 
were irradiated under an acceleration Voltage of 10 kV onto 
the silicon Substrates to which Ni had previously been 
forcedly deposited to give of 6x10' atoms/cm, and 
changes in the concentration of Ni impurities was measured 
before and after irradiation through measurement by the 
total reflection X-ray flourescence analysis method. While 
the concentration of Ni impurities does not depend upon the 
extent of dose rate in the irradiation of monomer ions, the 
concentration of Ni impurities decreases along with the 
increase in the dose rate in the irradiation of cluster ions. 

AS is clear from these results, in the case of irradiation of 
cluster ions, it is possible to reduce the concentration of 
impurities by increasing the dose rate of irradiated ions. The 
higher impurities-removing effect in the irradiation of clus 
ter ions as compared to the irradiation of monomer 
(monomolecular) ions is attributable to the fact that, while 
embedding of impurities adhering to the Surface into the 
interior of the Substrate occurs in the irradiation of monomer 
ions, Sputtering from the irradiation onto the Substrate pref 
erentially eliminates impurities on the Substrate Surface in 
the irradiation of cluster ions. 

AS described above, the method of the present invention, 
permitting formation of a clean Surface free from defects on 
the Substrate Surface, makes it possible to manufacture a 
high-quality thin film with the Slightest content of 
impurities, useful for a Semiconductor circuit device. 

EXAMPLE 3 

Table 1 shows, for an SiO film formed on a polycrys 
talline silicon film irradiated with CO cluster ions under 
conditions including an acceleration Voltage of 10 kV and a 
dose rate of 5x10" ions/cm, the film thickness and the 
average Surface roughness before and after a treatment with 
fluoric acid solution. The treatment with fluoric acid solution 
was applied until complete elimination of the SiO film. For 
comparison purposes, values obtained with a polycrystalline 
Silicon film not irradiated with cluster ions are also shown. 
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TABLE 1. 

Average surface 
roughness (unit: A 

Before After 
Thickness of fluoric fluoric 

SiO, acid acid 
Kind of sample thin film (nm) treatment treatment 

Sample not irradiated 37 37 
Sample irradiated with 8 7 9 
cluster ions of 
size of 250 
Sample irradiated with 6 18 2O 
cluster ions of 
size of 500 

The Sample not irradiated with cluster ions has an average 
Surface roughness of 37A, and this value does not vary with 
the fluoric acid treatment. Irradiation of cluster ions of a size 
of 250 and 500 reduces the average surface roughness of the 
polycrystalline silicon film to 7 A and 18 A, respectively. At 
the same time, an SiO2 thin film having a thickness of from 
8 to 6 nm is formed on the surface of the polycrystalline 
Silicon film, thus forming an SiO2 thin film Simultaneously 
with planarization. A Satisfactory Surface planarity is kept 
with almost no change by the fluoric acid treatment. Thus, 
the irradiation of CO cluster ions permits formation of a 
Silicon oxide film which has a planar Surface, with a Smooth 
interface between Said film and the Silicon Substrate, and has 
a uniform thickness. 

EXAMPLE 4 

Conditions for generating clusters of various gases were 
evaluated. AS Shown in FIG. 4, cooled dry nitrogen gas was 
passed through a piping (2) attached to a nozzle (1) Section 
which was then cooled. This permitted ionization of a cluster 
of gases which had not been possible at room temperature. 

FIG. 5 is a graph illustrating the relationship between the 
intensity of an oxygen (O) gas cluster beam and the Supply 
preSSure at various nozzle temperatures. FIG. 6 is a graph 
illustrating Such relationship for nitrogen (N) gas. FIG. 7 
illustrates the relationship for Argas for reference. 

These results Suggest the possibility of determining the 
degree of easiness of generation of the cluster of a gas 
applicable in the present invention by means of the follow 
ing formula: 

Easiness of generation of cluster 

U=Podo (T/T)Y/(Y-1) 

where, Po: gas Supply pressure, 
do: inside diameter of nozzle throat, 
T.: boiling point of gas, 
Ty: ejecting temperature of gas, 
Y: ratio of Specific heats of gas (specific heat at constant 

pressure/isometric specific heat). 
Larger Po or T, leads to easier generation of clusters. 
Smaller T or Y corresponds to easier generation of 

clusters. 
In all the cases described above, various gases were 

effectively utilized for the formation of thin films. 
EXAMPLE 5 

FIG. 8 is an infrared absorption spectrum of a thin film 
formed by irradiating O. cluster ions having a number of 
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6 
component molecules (cluster Size) of at least 250 onto an Si 
Substrate Surface at room temperature under an acceleration 
voltage of 4 kV and at a dose rate of 1x10" ions/cm. It is 
clear from FIG. 8 that an oxide film of about 40 A was 
formed with a lower acceleration voltage and a lower dose 
rate than the conditions for irradiation of CO cluster ions. 

EXAMPLE 6 

Table 2 shows the results of investigation by the photo 
electron spectroscopy method of an oxide film formed by 
irradiating CO2 cluster ions and O. cluster ions under the 
Same irradiating conditions including an acceleration Volt 
age of 4 kV, a cluster Size of at least 250, and a dose rate of 
1x10" ions/cm. The results of investigation on a clean Si 
Substrate not irradiated are also shown for reference. By 
using O. cluster ions, it is possible to form a thicker oxide 
film as compared with the case of CO cluster ions. It is also 
clear that the relative intensity of emission spectrum from 
Cls core level of the oxide film formed by the irradiation of 
O. clusters is of the same order as that for a Substrate not 
irradiated and the carbon content is almost nil, even with the 
largest film thickness. When the presence of residual carbon 
in the film is not desired, it is Suggested to use O. cluster 
ions to obtain a thicker oxide film. 

TABLE 2 

Raw material gas Oxide film 
of irradiated thickness Relative intensity 
cluster ions (unit: A) of Cls signal 

O 40 31 
CO, 18 44 
Substrate not 8 29 
irradiated 

According to the present invention, as described above in 
detail, it is possible to form a high-quality reactive ultra-thin 
film, with no damage to the Substrate, having a very Smooth 
interface, even at the room temperature, by irradiating 
cluster ions of a reactive Substance onto the Substrate Surface 
to cause a reaction. 
What is claimed is: 
1. A method for forming a thin film on a Surface of a 

Substrate with a gas cluster ion beam, which comprises 
irradiating the Surface of a Substrate with ions of a gas 
cluster of a gas comprising oxygen (O) and optionally an 
inert gas, to cause a reaction of Said ions of the gas cluster 
with the surface of the Substrate to thereby form the thin film 
on the Substrate Surface, Said gas cluster being a cluster of 
atoms or molecules which are in a gaseous State at room 
temperature and under atmospheric preSSure, which when 
ionized to form Said gas cluster beam, react with the Surface 
of the Substrate. 

2. The method as claimed in claim 1, wherein the Said gas 
cluster is formed from Said oxygen in admixture with an 
inert gas. 

3. The method as claimed in claim 1, wherein the gas 
cluster ions are Selected in terms of a number of component 
molecules, dependent upon the chemical composition of the 
Substrate, to produce the thin film on the Substrate. 

4. The method as claimed in claim 1, wherein impurities 
present on the Substrate are removed by the irradiation with 
the gas cluster ion beam, thereby forming Said thin film with 
a lower content of impurities than before Said irradiation. 

5. The method as claimed in claim 1, wherein the Sub 
Strate Surface is flattened by the irradiation with the gas 
cluster ions, at the same time as the thin film is formed. 
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6. The method as claimed in claim 1, wherein the thin film (i) forming said gas cluster from a Substance which, upon 
formed is an oxide. 

7. The method as claimed in claim 1, wherein the Sub 
Strate is Silicon. 

8. The method as claimed in claim 1, wherein the gas 5 (ii) ionizing the gas cluster to form said gas cluster ions, 
cluster is generated by Supplying a preSSurized gas to an and 
expansion type nozzle cooled by a coolant. 

9. A method for forming a thin film on a surface of a 
Substrate with a gas cluster ion beam, Said gas cluster cluster ion beam. 
comprising oxygen (O2) and optionally an inert gas, which 10 
includes the Steps of: k . . . . 

being ionized, is reactive with the Surface of the 
Substrate, 

(iii) irradiating the Surface of the Substrate with said gas 


